␤1,3-N-acetylglucosaminyltransferase 2 (␤3GnT2) is a polylactosamine synthase that synthesizes a backbone structure of carbohydrate structures onto glycoproteins. Here we generated ␤3GnT2-deficient (␤3GnT2 ؊/؊ ) mice and showed that polylactosamine on N-glycans was markedly reduced in their immunological tissues. In WT mice, polylactosamine was present on CD28 and CD19, both known immune costimulatory molecules. However, polylactosamine levels on these molecules were reduced in ␤3GnT2 ؊/؊ mice. ␤3GnT2 ؊/؊ T cells lacking polylactosamine were more sensitive to the induction of intracellular calcium flux on stimulation with anti-CD3/CD28 and proliferated more strongly than T cells from WT mice. ␤3GnT2 ؊/؊ B cells also showed hyperproliferation on BCR stimulation. Macrophages from ␤3GnT2 ؊/؊ mice had higher cell surface CD14 levels and enhanced responses to endotoxin. These results indicate that polylactosamine on Nglycans is a putative immune regulatory factor presumably suppressing excessive responses during immune reactions.
␤1,3-N-acetylglucosaminyltransferase 2 (␤3GnT2) is a polylactosamine synthase that synthesizes a backbone structure of carbohydrate structures onto glycoproteins. Here we generated ␤3GnT2-deficient (␤3GnT2 ؊/؊ ) mice and showed that polylactosamine on N-glycans was markedly reduced in their immunological tissues. In WT mice, polylactosamine was present on CD28 and CD19, both known immune costimulatory molecules. However, polylactosamine levels on these molecules were reduced in ␤3GnT2 ؊/؊ mice. ␤3GnT2 ؊/؊ T cells lacking polylactosamine were more sensitive to the induction of intracellular calcium flux on stimulation with anti-CD3/CD28 and proliferated more strongly than T cells from WT mice. ␤3GnT2 ؊/؊ B cells also showed hyperproliferation on BCR stimulation. Macrophages from ␤3GnT2 ؊/؊ mice had higher cell surface CD14 levels and enhanced responses to endotoxin. These results indicate that polylactosamine on Nglycans is a putative immune regulatory factor presumably suppressing excessive responses during immune reactions.
␤-1,3-N-acetylglucosaminyltransferase ͉ glycosyltransferase ͉ hyperactivation ͉ immune response C arbohydrate structures participate in processes such as cellcell, receptor-ligand, and carbohydrate-carbohydrate interactions (1) . The biological functions of polylactosamine have been elucidated in several studies. Polylactosamine containing repeats of the N-acetyllactosamine (LacNAc) unit (Gal␤1-4GlcNAc␤1-3)n is a fundamental structure of glycans carried on N-and O-glycans (2, 3) and glycolipid (4) . Human blood group i and I antigens are linear and branched polylactosamine structures, respectively (5, 6) .
Polylactosamines are further modified by the addition of different carbohydrate antigens such as Lewis and sialyl Lewis x (sLe x ) antigens. The latter is a selectin ligand consisting of a combination of sialyl and fucosyl residues with a polylactosamine structure (7, 8) . It has been reported that the differential glycosylation of cell surface proteins regulates immunological processes, such as T cell activation, migration, and apoptosis (9) , and that dramatic remodeling of N-glycans occurs on the surface of activated T cells. Such remodeling may affect the recognition of glycan structures by lectins such as selectins, siglecs, and galectins, and thereby alter biological functions (10) .
The length of the polylactosamine chain is an important factor in immune responses. Polylactosamine inhibits NK cell-mediated cytotoxicity by its effects on the cell-binding process (11) . Thus, NK cells recognize cancer target cells that possess sLe
x antigens on N-glycans with rather short polylactosamine chains (12) . N-acetylglucosaminyltransferase 5 (MGAT5) is a glycosyltransferase that synthesizes ␤1,6 branching of N-glycan candidate structures for polylactosamine (13) .
T cells of Mgat5
Ϫ/Ϫ mice have increased sensitivity to activation due to lack of surface interactions between the TCR complex and the endogenous polylactosamine-binding lectin, galectin-3 (14) .
Polylactosamine carried on N-and O-glycans is coordinately synthesized by the alternative action of a ␤1,4-galactosyltransferase and a ␤1,3-N-acetylglucosaminyltransferase (␤3GnT). Eight ␤3GnTs, ␤3GnT1 to ␤3GnT8, have been isolated, and their in vitro enzymatic activities have been characterized (15) . However, the roles of these multiple ␤3GnTs in in vivo polylactosamine synthesis are still unclear. Because ␤3GnT2 possesses strong polylactosamine synthesizing activity on oligosaccharide substrates in vitro, it is a good candidate for acting as a polylactosamine synthase in vivo (16, 17) . Thus, we predicted that long polylactosamine chains on glycoproteins would be lost or shorter in ␤3GnT2-deficient (␤3GnT2 Ϫ/Ϫ ) mice, and immune cells lacking polylactosamine would have altered immune responses. Here we show that polylactosamine on N-glycans is markedly reduced in immunological tissues in ␤3GnT2 Ϫ/Ϫ mice, and their immune cells are hyperreactive. Because ␤3GnT2 transcripts were expressed in lymphocytes and macrophages of adult WT mice [supporting information (SI) Fig.  5 ], we generated ␤3GnT2
Ϫ/Ϫ mice to analyze immunological phenotypes in the absence of this gene. First, we examined glycan structures in tissues of ␤3GnT2 Ϫ/Ϫ mice. Carbohydrate structures potentially generated by ␤3GnT2 are schematically shown in Fig. 1A based on the in vitro substrate specificity of ␤3GnT2. To investigate potential alterations of polylactosamine on glycoproteins in ␤3GnT2 Ϫ/Ϫ mice, we performed lectin blot analysis with the Lycopersicon esculentum (tomato) lectin (LEL), which is known to bind to polylactosamines with at least three lactosamine unit repeats (18, 19) . Intense smeared bands were observed in LEL blots of thymus, spleen, or macrophages of WT and ␤3GnT2 Ϫ/ϩ mice, indicating the expression of many glycoproteins bearing polylactosamine in these tissues/cells (Fig. 1B) . In contrast, the intensity of LEL bands in ␤3GnT2 Ϫ/Ϫ mice was dramatically reduced in all three cell types. These results indicate that the LEL-detectable polylactosamine on glycoproteins was synthesized mostly by ␤3GnT2 in these tissues. After N-glycan digestion with N-glycanase F (PNGase F), the LEL-positive bands disappeared almost completely. This result strongly sug-gests that polylactosamine with more than three repeating units is mainly present on N-glycans.
To investigate the N-glycan structures in T cells of WT and ␤3GnT2 Ϫ/Ϫ mice, splenic T cells were stimulated with anti-CD3 and anti-CD28 and metabolically labeled with [ 3 H]glucosamine. N-glycans isolated from these labeled cells were then analyzed by Bio-Gel P-4 gel permeation chromatography. In Fig. 1C , standard tri-and tetraanntenary N-glycan without polylactosamine was fractionated at S 3 and S 4 , respectively, while N-glycans with higher molecular weights than standard N-glycan appeared in the range indicated as R. In ␤3GnT2 Ϫ/Ϫ mice, N-glycans fractionated as R were markedly reduced, whereas those at S 3 and S 4 were relatively increased. We obtained similar results with splenocytes (data not shown). The higher molecular weight fractions indicated as R contain N-glycans with polylactosamine, whereas S 3 and S 4 fractions represent tri-and tetraanntenary N-glycan without polylactosamine. This finding suggests that polylactosamine on N-glycan was reduced in ␤3GnT2 Ϫ/Ϫ T cells. To investigate potential alterations in immune cell development in ␤3GnT2 Ϫ/Ϫ mice, we analyzed the expression of cell surface CD antigens by flow cytometry. No obvious differences were observed in B and T cell subpopulations in splenocytes or thymocytes from ␤3GnT2 Ϫ/Ϫ or WT mice as shown in SI Fig. 6 A and B. Thus, ␤3GnT2 deficiency appeared to have no marked effect on T and B cell development. However, both splenic T cells ( Fig. 2A ) and thymocytes (SI Fig. 6C ) from ␤3GnT2 Ϫ/Ϫ mice stained with LEL at reduced intensity. To identify a T cell surface molecule carrying polylactosamine, we screened molecules such as CD4, CD8␣, and CD28 from WT mice by lectin microarray analysis and found that the LEL signal was decreased on immunoprecipitated CD28 in ␤3GnT2 Ϫ/Ϫ compared with WT mice (Fig. 2B) . No clear difference in CD28 Datura stramonium agglutinin (DSA) signals, which represent tri-and tetraantennary N-glycan structures, was observed. These results suggest that the decrease of polylactosamine on CD28 in ␤3GnT2 Ϫ/Ϫ T cells occurs despite the presence of N-glycan core structures. No LEL signal was observed on CD4 and CD8␣ molecules in WT or ␤3GnT2 Ϫ/Ϫ mice (data not shown). By Western blotting with anti-CD28 antibody, we showed that the CD28 molecules from ␤3GnT2 Ϫ/Ϫ splenic T cells migrated faster in SDS/PAGE than WT (Fig. 2C ). This mobility shift of CD28 also was observed in ␤3GnT2 Ϫ/Ϫ thymocytes (data not shown). These results are consistent with a reduction of CD28 molecular weight due to decreased polylactosamine. In ␤3GnT2 Ϫ/Ϫ mice, the CD28 molecule in LEL-agarose immunoprecipitates was barely detectable, but the same reduction of its molecular weight also was observed. Because murine CD28 has four potential N-glycosylation sites, it is conceivable that the mobility shift of CD28 observed in ␤3GnT2 Ϫ/Ϫ T cells is due to the decrease of polylactosamine on N-glycans.
Because the biological function of polylactosamine on T cell surface proteins including CD28 had not been addressed, we investigated functional differences between WT and ␤3GnT2 Ϫ/Ϫ T cells. First, we performed intracellular calcium assays to compare the response of WT and ␤3GnT2 Ϫ/Ϫ T cells to anti-CD3/anti-CD28 stimulation. As shown in Fig. 2D , the initial transient peak of intracellular calcium concentration within a few minutes of TCR and CD28 cross-linking was essentially identical in WT and ␤3GnT2 Ϫ/Ϫ splenic T cells. Thereafter, it decreased more slowly to the basal level in ␤3GnT2 Ϫ/Ϫ than in WT splenic T cells. This finding suggests that decreased polylactosamine results in maintenance of prolonged intracellular calcium concentrations after CD3/CD28 stimulation.
Next, we investigated CD3/CD28-induced T cell proliferation. In ␤3GnT2 Ϫ/Ϫ splenic T cells, [ 3 H]-thymidine uptake was already measurable at day 2 in an anti-CD3 and anti-CD28 dose-dependent manner, but not in WT T cells (Fig. 2E) , which proliferated later (data not shown). Thus, the polylactosamine deficiency of cell surface receptors such as CD28 can accelerate their downstream signaling and T cell proliferation. Ϫ/Ϫ mice also showed significant decreases in LEL staining (Fig. 3A) . To determine which structures carried polylactosamine, we screened B cell surface molecules such as BCR, CD19, and CD21/35 using lectin microarrays. It was found that the LEL signal was decreased on immunoprecipitated CD19 (Fig. 3B) . Weak LEL signals were detected on WT BCR and CD21/35; these signals may have been decreased in ␤3GnT2 Ϫ/Ϫ mice (data not shown). No obvious difference in CD19 DSA signals between WT and ␤3GnT2 Ϫ/Ϫ mice was observed. Western blotting confirmed that polylactosamine is carried on CD19. Fig. 3C shows that CD19 from ␤3GnT2 Ϫ/Ϫ splenic B cells migrated faster than WT in SDS/PAGE. In addition, the CD19 molecule was only marginally detected in LEL-agarose immunoprecipitates from ␤3GnT2 Ϫ/Ϫ mice (Fig. 3C Right) . These results suggest that polylactosamine is carried on CD19 molecules. Because CD19 is a costimulatory molecule in B cell activation (20) , we examined the effect of polylactosamine deficiency on B cell proliferation. Resting B cells were stimulated with anti-IgM, and proliferation was assessed after 2 days. Greater proliferation of ␤3GnT2 Ϫ/Ϫ than WT splenic B cells was observed with low concentrations of anti-IgM (Fig. 3D) . These results suggest that decreased polylactosamine in B cells lowers the cellular threshold for proliferation triggered by BCR stimulation. Ϫ/Ϫ macrophages, especially LPS responsiveness. Peritoneal macrophages of WT mice were strongly stained with FITC-LEL, but staining intensity was significantly reduced in ␤3GnT2 Ϫ/Ϫ cells (Fig. 4A) . Next, we measured the production of inflammatory cytokines on LPS stimulation. ␤3GnT2 Ϫ/Ϫ macrophages were found to produce more TNF-␣, IL-1␤, and IL-6 than WT macrophages (Fig. 4B) . To further investigate the hyperresponsiveness to LPS in ␤3GnT2 Ϫ/Ϫ macrophages, we analyzed the expression level of macrophage surface antigens by flow cytometry. CD14 expression was significantly up-regulated on the surface of ␤3GnT2 Ϫ/Ϫ peritoneal macrophages (F4/80 ϩ peritoneal exudate cells) (Fig.  4C ), but no other surface antigens including TLR4 were affected (data not shown). Western blotting showed that CD14 expression in ␤3GnT2 Ϫ/Ϫ macrophages was up-regulated even in the absence of LPS (Fig. 4D ), but stimulation with LPS resulted in a further increase.
Because LPS binding to CD14 on macrophages induces downstream signals, we investigated phosphorylated forms of ERK and p38, which were found to be present in significantly greater amounts in ␤3GnT2 Ϫ/Ϫ cells. In contrast, the total amounts of ERK and p38 were similar in macrophages from WT and ␤3GnT2 Ϫ/Ϫ mice (Fig. 4E) . These results further underline the hyperresponsiveness of ␤3GnT2 Ϫ/Ϫ macrophages to LPS, suggesting the involvement of polylactosamine in the immune response of macrophages.
Discussion
Here we show that LEL-detectable polylactosamine on Nglycans is markedly decreased in ␤3GnT2 Ϫ/Ϫ mice, suggesting that ␤3GnT2 is the major enzyme responsible for the synthesis of polylactosamine on N-glycans in vivo. We explored cell surface molecules that lost polylactosamine in ␤3GnT2 Ϫ/Ϫ mousederived cells. Furthermore, we identified functionally relevant reductions of polylactosamine on the costimulatory molecules CD28 and CD19. Thus, the T and B cells of ␤3GnT2 Ϫ/Ϫ mice proliferated more strongly to TCR or BCR stimulation than WT in vitro. In addition, we observed that ␤3GnT2 Ϫ/Ϫ macrophages were hypersensitive to endotoxin.
In LEL lectin blot analysis, the high-intensity LEL-reactive bands from tissues of WT mice were completely absent from ␤3GnT2 Ϫ/Ϫ mice and were not detected after PNGase F treatment. The binding specificity of LEL to long polylactosamine and the catalytic specificity of ␤3GnT2 in polylactosamine synthesis suggest that the LEL-detectable smeared bands from WT cells are mostly lactosamines on N-glycan. These results demonstrate that ␤3GnT2 is an essential enzyme for the biosynthesis of polylactosamine on N-glycans. It is still unclear whether ␤3GnT2 synthesizes polylactosamine on O-glycans as well because this finding may not be detectable by LEL blotting. No obvious difference between WT and ␤3GnT2 Ϫ/Ϫ was observed on lectin blotting with PHA-L 4 or Con A, both recognizing N-glycan core structures (data not shown). These results can be interpreted to imply that the polylactosamine on Nglycans, but not their core structure, is altered by ␤3GnT2 deficiency. It has been conjectured that polylactosamine is preferentially present on the ␤1-6 branch of tetraantennary N-glycans (21, 22) . It is known that a polylactosamine on glycolipids is present in erythrocytes (4, 23) . We did not analyze glycolipids in the ␤3GnT2 Ϫ/Ϫ mouse. However, we previously documented that only ␤3GnT5 can synthesize Lc 3 Cer and nLc 5 Cer, resulting in neolacto-series glycolipids, which contain polylactosamines (17) . ␤3GnT5 is responsible for the synthesis of Lc 3 Cer in hematopoietic cells (17, 24) . We therefore assume that the expression of polylactosamines on neolacto-series glycolipids would not be affected in ␤3GnT2 Ϫ/Ϫ mice. Taken together the data presented here suggest that the LEL-detectable long polylactosamine is synthesized by ␤3GnT2 on the ␤1-6 branches of N-glycans in WT mice and that long polylactosamine on trior tetraanntenary N-glycan is reduced in ␤3GnT2 Ϫ/Ϫ mice. We tried to identify cell surface proteins carrying polylactosamine and found that polylactosamines were detectable with LEL on CD28 and CD19 from WT T cells and B cells, respectively. However, they were only marginally detectable on ␤3GnT2 Ϫ/Ϫ cells. Mobilities of CD28 and CD19 in SDS/PAGE were different in WT and ␤3GnT2 Ϫ/Ϫ cells. Thus, we conclude that CD28 and CD19 molecules carry LEL-detectable polylactosamine and that ␤3GnT2 is involved in its synthesis. Both CD28 and CD19 have potential N-glycosylation sites (four and six, respectively) and migrate more slowly in SDS/PAGE than would be anticipated from their molecular weights.
CD28, a T cell surface molecule that interacts with B7 family proteins, is a major T cell costimulator (25) . Therefore, glycosylation on CD28 can be involved in the regulation of CD28-mediated signaling. It has been reported that the N-glycan on CD28 molecules negatively regulates this T cell costimulation (26) . Hypoglycosylation of N-glycan on CD28 regulates the binding affinity between the receptor and its ligand, as well as receptor clustering. Because we have shown that the polylactosamine carried on CD28 is on N-glycans, it is conceivable that it is involved in the negative regulation of CD28 signaling by modulating the interaction between receptor and ligand or receptor clustering. T cell hypersensitivity to stimulation in ␤3GnT2 Ϫ/Ϫ mice is similar to the reported phenotype of MGAT5 Ϫ/Ϫ mice (14) . In the absence of MGAT5, clustering of the TCR was enhanced upon anti-CD3 antibody cross-linking. MGAT5 is a glycosyltransferase responsible for ␤1,6 branching of N-glycans to form tri-and tetraantennary N-glycans, to which polylactosamine are added (13) . It is conceivable that functional polylactosamine, synthesized by ␤3GnT2 on WT T cells, extends ␤1,6 branching of tri-or tetraanntenary N-glycans synthesized by MGAT5. If this phenomenon is because of the loss of polylactosamine on the N-glycan, there will be some shared phenotype between ␤3GnT2 Ϫ/Ϫ mice and MGAT5 Ϫ/Ϫ mice. However, it is not known which glycoprotein is responsible for augmented T cell activation as a result of impaired N-glycan in MGAT5 Ϫ/Ϫ mice. Although TCR and CD3 are thought to carry N-glycans, these molecules were only marginally detectable with LEL in our hands (data not shown). In contrast, CD28 is one of the major proteins carrying LEL-detectable carbohydrate. Because stimulation by both TCR/CD3 and CD28 is essential for T cell proliferation, the polylactosamine on CD28 may play a major role in regulating T cell activation. Like CD28 in T cells, CD19 is a B cell costimulatory molecule (20) . B cells from CD19 Ϫ/Ϫ mice showed impaired activation upon BCR stimulation (27) . Because no direct association between BCR and CD19 has been reported, the molecular mechanism whereby polylactosamine deficiency on CD19 leads to B cell hypersensitivity is unclear. However, because CD19 is at least one of the major B cell surface glycoproteins carrying polylactosamine, CD19 must be involved in the regulation of BCR-mediated B cell activation by an unknown mechanism. However, it has been reported that CD45 expressed on T and B cells is a major protein that reacts with anti-i and anti-I antibodies (28, 29) and contains mainly bi-, tri-, and tetraantennary complex-type sugar chains. Tetraantennary complex-type N-glycan (30) and O-glycan (28, 31) on CD45 possess polylactosamine. We investigated the glycans on CD45 molecules by lectin microarray analysis (data not shown) and found LEL signals on anti-CD45 mAb immunoprecipitates from WT leukocytes. LEL signals of such immunoprecipitates from ␤3GnT2 Ϫ/Ϫ leukocytes were slightly decreased compared with those of WT leukocytes. In contrast, the polylactosamines on CD28 and CD19 in the ␤3GnT2 Ϫ/Ϫ mouse were almost completely absent. No significant difference on the migration shift of CD45 molecules in SDS/PAGE was observed between WT and ␤3GnT2 Ϫ/Ϫ mice, whereas mobilities of CD28 and CD19 were quite different. We examined the residual LEL-detectable polylactosamines in cell lysates after depletion of CD28 molecules (SI Fig. 7 ) or CD19 molecules (SI Fig. 8 ). Many LELreactive bands still remained after removal of the CD28 and the CD19 from the cell lysates. These findings suggest that many proteins, in addition to CD28 and CD19, carry LEL-detectable polylactosamine chains. Nevertheless, it is noteworthy that polylactosamine existed on both CD28 and CD19, which are known as costimulatory accessory molecules regulating signals in T and B cells, respectively. We posit that phenotypes in ␤3GnT2 Ϫ/Ϫ lymphocytes are more likely to result from the loss of polylactosamine on CD28 and CD19 than CD45.
There are at least two possible molecular mechanisms responsible for immune regulation by polylactosamine. One is the inhibitory mass effect of polylactosamine on molecular interactions. It was reported that the numbers and sizes of N-glycans attached to various cell surface receptors, such as TCR/CD3, pMHC, CD4, and CD8, regulate the clustering and association of these receptor proteins (32, 33) . Because the size of a typical N-glycan is comparable to an Ig domain, it is conceivable that the abundance and size of N-glycans, especially those with polylactosamine, play important roles in controlling the assembly and stabilization of the receptor complexes. To test this hypothesis, we need to further elucidate which molecular interaction is augmented by polylactosamine deficiency. Another possibility is glycan-mediated molecular interactions. sLe x antigens and sialic acids on polylactosamine are known ligands for selectin and siglecs, respectively (34, 35) . Polylactosamine might be a ligand for cellular lectins such as galectins (36, 37) . To support the latter hypothesis, however, it would be essential to identify specific lectins for polylactosamine or carbohydrate ligands.
CD14 overexpression increases reactivity to LPS (38) . We also observed that macrophages from ␤3GnT2 Ϫ/Ϫ mice expressed higher levels of CD14 and were hyperresponsive to LPS stimulation for that reason. Because polylactosamine was not detected on macrophage LPS receptors, including CD14, by lectin microarrays, it is unlikely that the LPS hyperresponsiveness of ␤3GnT2 Ϫ/Ϫ macrophages is due to modulation of receptor interaction. We observed up-regulated expression of CD14 mRNA in ␤3GnT2 Ϫ/Ϫ macrophages (data not shown). Because LPS stimulation augments CD14 expression, macrophages from ␤3GnT2 Ϫ/Ϫ mice may already be in an activated state. A potential reason for the augmented CD14 expression and/or in vivo activation of ␤3GnT2 Ϫ/Ϫ macrophage is either polylactosamine deficiency of some other macrophage surface molecules or possibly activation after interactions with polylactosamine-deficient T and/or B cells. Because T and B cells from ␤3GnT2 Ϫ/Ϫ mice were hypersensitive to stimulation at least in vitro, they may have activated macrophages in vivo.
In summary, our study documents deficiency of LELdetectable polylactosamine on N-glycans and in vitro hyperresponsiveness of T cells, B cells, and macrophages from ␤3GnT2 Ϫ/Ϫ mice. Polylactosamine deficiency appears to be involved in the immunological disorders observed in these mice. Therefore, this study suggests that polylactosamine on N-glycans suppresses excessive immune responses and regulates basal levels of immune reactivity. Although we have not determined the molecular basis of the regulatory mechanism of polylactosamine in immune responses yet, we did identify it on two important costimulatory molecules, CD28 and CD19. We anticipate that these studies will lead to a better understanding of the regulatory mechanisms of immune responses and the biological functions of polylactosamine.
Materials and Methods
Generation of ␤3GnT2 ؊/؊ Mice. To investigate the function of ␤3GnT2 and polylactosamine, we obtained ␤3GnT2 Ϫ/Ϫ mice by using Omnibank (Lexicon Genetics, The Woodlands, TX) (39) . ␤3GnT2 Ϫ/Ϫ mice were generated by using a random mutagenesis method based on gene trapping with the retroviral vector, VICTR20 (39) . The ␤3GnT2 Ϫ/Ϫ mice were backcrossed onto a C57BL/6N (Charles River Japan, Yokohama, Japan) background. Detailed information on the ␤3GnT2 Ϫ/Ϫ mice, including PCR conditions for genotyping and mouse handling, is given in SI Fig. 5 .
Lectin-Blot Analysis with LEL. Cells were solubilized by brief sonication with 20 mM Hepes buffer (pH 7.2) containing 2% Triton X-100, 150 mM NaCl 2 , and complete protease inhibitor mixture (Roche Diagnostics, Basel, Switzerland). N-glycan oligosaccharides were digested by N-glycopeptidase F (Takara, Kyoto, Japan). Ten micrograms of homogenized proteins were separated by 10% SDS/PAGE, transferred to membranes, and blotted with biotinylated LEL (Vector Laboratories, Burlingame, CA)/streptavidin-HRP (Amersham Biosciences, Piscataway, NJ).
Metabolic Labeling of Costimulated T Cells. Isolated T cells (2 ϫ 10 6 /ml) were cultured with immobilized anti-CD3 (1 g/ml) and 750 ng/ml of anti-CD28 in multiple wells of 24-well plates for 66 h. Supernatants were then replaced with RPMI medium 1640 substituting one fifth of the glucose with [ 3 H]glucosamine (1 MBq/ml) and 5% FBS. The cells were homogenized and then completely dried before hydrazinolysis as previously described (40) . After N-acetylation and Arthrobacter sialidase (Nacalai Tesque, Kyoto, Japan) digestion, oligosaccharides were analyzed by Bio-Gel P-4 column chromatography as previously described (41) . Radioactivity was determined with an Aloka LSC-6101 liquid scintillation spectrometer. Immunoprecipitation and Lectin Microarray. Cell surface immunoprecipitated proteins were analyzed by using lectin microarrays. For this purpose, surface proteins of isolated T or B cells were labeled with sulfo-NHS-LC-biotin (Pierce Chemical , Rockford, IL) and lysates immunoprecipitated. Lectin microarrays were performed following Kuno et al. (42) . To visualize the glycans native to cell surface proteins, interactions of the biotinylated target protein with the lectins immobilized on glass slides were detected by the Cy3-streptavidin method. Briefly, immunoprecipitated protein was released and then applied to the lectin array containing triplicate spots of 43 lectins (42) . The glass slide was scanned by an evanescent-field fluorescence scanner, SCProfiler (Moritex, Yokohama, Japan).
Calcium Flux Analysis. Intracellular calcium was analyzed by the ratiometric Fluo-3/Fura Red combination method (43) . Cells were loaded with 4 g/ml Fluo-3-AM and 10 g/ml Fura-Red-AM (Invitrogen, Carlsbad, CA) in the presence of pluronic F127 detergent (Invitrogen; final concentration 0.02%) and 1 mM probenecid for 30 min at 37°C. The biotinylated anti-CD3 and anti-CD28 were incubated for 15 min on ice. Cells were warmed to 37°C for 10 min before use. Calcium flux was measured by using a FACSCalibur flow cytometer. After 55 sec measuring baseline calcium level, streptavidin was added to cross-link antibodies. The mean ratio of Fluo-3/Fura Red fluorescence was measured during the acquisition time course and expressed graphically by FlowJo software (Tree Star, Ashland, OR).
T and B Cell Isolation and Proliferation Assays. T cells were isolated with a MACS Pan T cell Isolation kit (Miltenyi Biotec, Auburn, CA). T cells (2 ϫ 10 6 /ml) were stimulated with immobilized anti-CD3 (145-2C11) and soluble anti-CD28 (37.51) antibodies in RPMI-1640 culture medium in 96-well flat-bottomed plates for 42-86 h. Resting B cells ( ϭ 1.079) were isolated by a MACS B cell isolation kit (Miltenyi Biotec) followed by discontinuous Percoll (Amersham Pharmacia) gradient centrifugation. Resting B cells (2 ϫ 10 6 /ml) were cultured with goat F(abЈ) 2 anti-IgM (Southern Biotechnology Associates, Birmingham, AL) for 42 h. Cultures in triplicate were pulsed for the final 6-8 h with [ 3 H]thymidine (0.25 Ci/well) and harvested by using a 96-well plate harvester. The incorporated radioactivity was measured by using a microplate beta 1450 counter (Wallac, Gaithersburg, MD).
Peritoneal Macrophage Isolation and Stimulation. Thioglycolateinduced peritoneal exudate cells were plated to allow macrophages to adhere to the culture dish. For signaling assays, 1 ϫ 10 6 cells were stimulated with 100 ng/ml of LPS derived from 50 l Escherichia coli 0111:B4 (Sigma-Aldrich, St. Louis, MO). Antibodies used for Western blots were rabbit anti-ERK, antiphospho-ERK, anti-p38, anti-phospho-p38 (Cell Signaling Technology, Danvers, MA), anti-CD14 (rmC5-3; BD Biosciences PharMingen), and anti-␤-actin (Sigma-Aldrich). For cytokine assays, 1 ϫ 10 6 cells/ml were cultured in the absence or presence of 100 ng/ml LPS in a 24-well plate for 6 h. Cytokines in the supernatants were measured by ELISA (eBioSciences and Endogen, Woburn, MA).
